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ABSTRACT -X ‘7
WDL-TR2185 UNCIASSIFIED
USER'S MANUAL FOR
INTERPIANETARY ERROR PROPAGATION PROGRAM 75 pages
15 November 1963 NAS 5-3342

This report presents a description of the manner in which
an error propagation data run is set up. A detailed de-
scription of the input data and the format to be used for
the data are presented. The results obtained for an ex-

ample test case using a nominal lunar trajectory are in-
cluded.

THIS UNCLASSIFIED ABSTRACT 18 DESIGNED FOR RETENTION IN A
STANDARD 3-BY-5 CARD-SI1ZE FILE, IF DESIRED. WHERE THE
ABSTRACT COVERS MORE THAN ONE SIDE OF THE CARD, THE ENTIRE
RECTANGLE MAY BE CUT OUT AND FOLDED AT THE DOTTED CENTER
LINE. (IF THE ABSTRACT IS CLASSIFIED, HOWEVER, IT MUST NOT
BE REMOVED FROM THE DOCUMENT IN WHICH IT I8 INCLUDED.)
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FOREWORD

This report is submitted to the National Aeronautics and Space
Administration, Goddard Space Flight Center, in fulfilling the require-
ments of Contract NAS 5-3342.

The documentation provided by Philco WDL in support of the Inter-
planetary Error Propagation Program consists of the following three

volumes:

e WDL-TR2184, ''Programmer's Manual for Interplanetary Error

Propagation Program"

e WDL-TR2185, 'User's Manual for Interplanetary Error Propaga-

tion Program"
® Guidance and Control System Engineering Department Technical
Report No. 4, "The Application of State Space Methods to
Navigation Problems,' by Stanley F. Schmidt
These volumes discuss the theory of the Schmidt-Kalman filter used in

the program for data smoothing, the manner in which the program is used,

and subroutine description and listing.
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SECTION 1

PROGRAM DESCRIPTION

1.1 INTRODUCTION

One of the challenging problems of space flight is the definitiom
of a navigation system which has sufficient accuracy to achieve the ob-
jectives of the mission and at the same time has a system configuration
and components which provide high reliability. The problem is compli-
cated by the fact that there are a large number of parameters, all of
which influence the accuracy. Furthermore, the parameters are coupled
in such a manner that it is difficult to isolate individual effects.

In order to gain some insight into the type of problems which must
be investigated, it is convenient to define navigation of a vehicle as
the following subtasgks:

Measurements of the observables (such as range rate, azimuth,
elevation, line of sight, or distance to a terminal point).

b. Data smoothing to determine the current position and velocity.
c. The computation necessary for prediction of future states.

(The determination of unperturbed course.)

d. Application of guidance law. (The determination of the control
action required to arrive at the target in the desired manner.)

e. The application of control effort to carry out the guidance law.

With this definition of subtasks, we can point out some problems
associated with them. As an example, for subtask a. one question is:

How often should measurements be made and what type should be made to
provide a given accuracy of position and velocity? It is obvious that
this is strongly dependent on the type of smoothing utilized in obtaining

the position and velocity from the measurements.
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the true coordinates and those of the reference orbit, i.e. (initially

at osculation x, y, z = 0)

X->Y, Z

x=X - XE

XDy, z

The differential accelerations between actual and reference orbit

positions of the vehicle are

.o xE X—>Y, 2

xew (E+E ) v @y 3
3 3 X
R R, ) X >y, 2

Encke Perturbation
Acceleration Acceleration

The quantities Xg, Yg» ZE are computed along a two-body reference
conic. If the true orbit differs too greatly from the reference orbit,
a new "osculating" reference orbit is taken as a new starting point.
This process is called rectification and sets x, y, z = 0. The test
which is made in the program to determine when rectification is required
is the following.
2

(xz +y + zz)Js

> .03
(xé +y§ +z§)jj

Maintaining this ratio small ensures the validity of the series ex-
pansion used in the computation of the Encke acceleration term. The pro-
gram implementation of the above procedures for obtaining the nominal
trajectory is shown in Figure 1-1.

1.3 TRANSITION MATRIX

The transition matrix is obtained from six sets of linear differen-
tial equations. These differential equations are obtained by making a
Taylor series expansion about the nominal trajectory defined by Equation
(2) and neglecting second-order and higher-order terms. Equation (2) is

1-5
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Figure 1-1 CGeneration of Nominal Trajectory
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X=-pE+ £&Y,2,t) X>v, 2 )
R

For ease of presentation, the following relationships will be used
in the remainder of this section.

r~ — r~ -~ ~ — -— "y r— -
X Xl x x1 Xl x1
s =
Y| = Xz yi| = x2 X = xz x = xz
Z z x x
L J L an L J ; 3_4 . ;xa_J _ 3.J
Then Equation (2) becomes
.. X, -
X1 - -u-;s + fX (xl,xz,x3,t) - fi X,t) i=1,2,3 (2a)

Equation (2a) may then be expanded into a Taylor series as follows

.o .e s e
Xi + X, = fi (X +x, t)

Xi+xi-f(Xt)+z x+lz z

X. 55 X
j=1 kel j=1 axk ]

Neglecting all terms other than the first order terms, the varia-

tional acceleration can be written as

3
‘ 2 51- i=1,2,3 )
or
L
.« S
X = B(t) x (5)
3x1 3x3 3x1
1-7
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Defining the velocity states as:

permits Equation (5) to be writtem in first order form as

2(t) = 6(t) x(t) (6)
6x1 6x6 6x1

where

G(t) =
F(e) O

6x6

M
N

N

w

x(t) =

#N

L
V]

W

The solution of Equation (6) may be written as

-t . >
x(t) = & (t,to) x(to)
6x1 6x6 6x1
Where & is the transition matrix which transforms the state at
time (t,) to the state at (t). The ¢ matrix i{s obtained by integrating

six sets of the linear differential equations described by Equation (6).

The solution of each set of linear equations yields one column of the
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transition matrix. Each column of the transition matrix describes the
sensitivity of the states at time (t) to a deviation in a state at time
(to).

| 2, (¢) () ()
axl(to) axZ(to) axG(to)
ax, (t) : )
axl(to) . .
(t;t ) = .
° ax3(t) .
axl(to) :
axs(t) ax6(t) o 3x6(t)
axlcr.o) axz (to) | axG(to)
L A

The generation of the transition matrix is accomplished in the
program as shown in Figure 1-2. The integrators shown in the figure
are actually part of the integration subroutine DE6FN. The matrix of
the first variations of the acceleration function with respect to the
positions

3, (X,t) i=1,3
X,
XJ j=1,3
is obtained from subroutine BODY for the central and n-body perturbations,
and from OBLN for the oblateness perturbation. The partials are evaluated
along the nominal trajectory.

Table 1-1 presents a comparison of one column of a transition matrix
obtained from variational equations and the corresponding sensitivities
obtained from taking the difference between a nominal trajectory and an
integrated perturbed trajectory. The nominal trajectory was the one

used in Section 4. The time period of the tramsition is one day.

1-9
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Column No. 1
Transition Matrix

3x, (t)

S;Iiaj = 13.58

ax, (t)
3, ©) = 226.8

121.1

= ~ ,780 - 10

= < .332 - 10

- .178 - 10°2

4 e O a8 . e o N e e e D e e e
‘3{
"3
-

!

?
i

WDL-TR2185

TABLE 1-1

1-11

COMPARISON OF SENSITIVITY COEFFICIENTS
OBTAINED BY TWO TECHNIQUES

Difference between Nominal and
Nominal with xl(O) Perturbed

12.61

277.4

121.4

- .79 - 1073

- .332 - 1072
.178 - 1072
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1.4 PROPAGATION AND UPDATING OF THE COVARIANCE MATRICES
The knowledge of state and deviation from the nominal, covariance

matrices are propagated in time along the nominal trajectory using the

(1)

transition matrix.

B(t) = &(t;t ) P(t ) §T(t;t°)

6x6 6x6 6x6 6x6

PAR(t) = Q(t;to) PAR(to) QT(t;to)

6x6 6x6 6x6 6x6
where
P = the covariance matrix of knowledge of the state
PAR = the covariance matrix of deviations from the nominal

@(t;to) = the transition matrix from time (to) to time (t)

T = transpose

The updating of the state covariance matrix for the observations
being made is performed in the following manner. It is assummed

Schmidt-Kalman filter was used on the data for smoothing.

T

T -1
P,(t) =P, - P, H (HP,H +Q) H P

B B
6x6 6x6 6x6 6x1 scalar 1x6 6x6

where

P, = the covariance matrix of the knowledge of state after an
observation

P, = the covariance matrix of the knowledge of state before
the observation

G %0 S G5 W B 6D B G M G S G W - = S W

§pHica
s & S b Cmpramy,

(1) A general description of error propagation using transition matrices
and updating using the Schmidt-Kalman filtering technique is pre-
sented in Philco WDL Guidance and Control Engineering Technical Re-
port No. 4, "The Application of State Space Methods to Navigation
Problems," Stanley F. Schmidt.

1-12
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H = a matrix of partials of the measurement with respect to
the state, i.e.:

=

Q = the error in measurement

OMEAS
3 X

MEAS
3Y

AMEAS

SMEAS QMEAS QMEAS =

d 2z 3 X AY

The updating of the covariance matrix of deviations from the nominal

for a guidance correction ig described in the subroutine writeup(z) of

subroutine GUID. The result of a correction is the following updating.

I 0 1 0 0 0
PAR, = PAR_ - P +P + ‘
A -1 B B -1 B T

-Az Al 0 -Az Al 0 0 E(qq)

6x6 6x6 6x6 6x6 6x6 6x6

where

PARA = the covariance matrix of deviations from the nominal
after a correction

PARB = the covariance matrix of deviations from the nominal
before the correction

PB = the covariance matrix of the knowledge of the state
before the guidance correction

A;]'A1 = transition matrices obtained in the application of a
guidance law (see GUID writeup)

E(qu)= the covariance matrix of the error in making the guid-

ance correction

The covariance matrix of knowledge is updated at the time of a guid-

ance correction in the following manner.

. 0 0
P, =P + o
A
B 0 E(qu)
6x6 6x6 6x6

W eSESD NSRS nee S

(2) Programmer's Manual for Interplanetary Error Propagation Program

1-13
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where

o = the ability to make an onboard observation of the quality
of the guidance correction

The subroutines used in performing the above described functions
are shown in Figure 1-3. Of particular note is that these processes are
controlled by subroutine MATSUB. This will be described in more detail
later, but MATSUB must be called at frequent enough intervals so that
covariance matrices can be propagated and updated for any measurements
being made, or guidance corrections which are performed. MATSUB also
must be called if output is desired because it calls the output subrou-

tines.

1.5 OUTPUT DATA FORMATS
The output of the error propagation program displays at each output
time the following data.

a. Date, time and Cartesian state along the trajectdry
b. Orbital elements
c¢. Selenographic data if moon centered

d. RMS values of the knowledge of the Cartesian state and the orbi-
tal elements

Normalized state covariance matrix in N, V, W coordinates
Condition of the knowledge of state covariance matrix

g. Geometry at the tracking stations or geometry relative to the
moon beacon or celestial bodies making measurements at the time

h. RMS knowledge of the position and velocity following the obser-
vations (1950)

i. Guidance data if it is a guidance run.

To facilitate identification of the output quantities, a lettered
code precedes the floating point representation of the quantity. Three
samples of the error propagation program output are presented in Figures
1-4, 1-5 and 1-6.

1-14
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LOGIC TO CALL
MATSUS
(corom)

MATRIX TIME

LT 2000

o UPDATE
ére’ a gran ¢
(MATSUB)
ON-BOARD MOON BEACON
TRACKING TRACKING
(ONBTR) (MONBTR)
::ss:o GUIDANCE
CORRECTION
TRACKING (GuIp)
(EARTR)
UPDATING
COVARIANCE
. MATRIX

T T ~1
.-P.N (HP'H +Q) HP

(CoRRTP)

Figure 1-3 Subroutines used in Updating Covariance Matrices
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The following is a description of the symbols and meaning of the
quantities used in Figure l-4. The description will be performed on a
line-by-1line basis.

dent of the body center

RTE = radius to earth _

IAT = latitude sub-satellite point on earth
LON = longitude sub-satellite point on earth

1-19

. Line
' 1. Body center for the coordinate system
2. Calendar date
' 3a. Time from injection
3b. Equinox of output coordinate system (date or 1950)
. 3¢c. Julian date
' 3d. Coordinate system orientation (Earth's equatorial or ecliptic)
4. (X,Y,Z) Cartesian position and (DX,DY,DZ) Cartesian velocity
in the body center and coordinates described by Lines 1, 3b
. and 3d
_ 5. R = radius from central body
' DEC = declination of vehicle
RA = right ascension of vehicle
. V = ipnertial velocity
PTH = flight path angle
. AZ = velocity azimuth
6. SMA = semi-major axis
. ECC = eccentricity
INC = orbital inclination
' 1AN = longitude of the ascending node
. APF = argument of perifocus
RCA = radius of closest approach
' 7. The quantities in this line refef to earth coordinates indepen-

wWDL DIVISION
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V= inertial velocity Instantaneous inertial earth

PTE = flight path angle fixed coordinate's x-axis
AZE = velocity azimuth along Greenwich meridian

The quantities described above for the first seven lines of output
are the same for all body centers. As can be seen in Figure 1-5, for the
case of moon-centered output there are two additional lines of output.
The first line describes the selenographic latitude and longitude of the
sub-satellite point on the moon. The second line contains the orbital
elements in the instantaneous inertial moon-fixed coordinates with the

x-axis along the zero longitude meridian.

Following the trajectory data printout, the error data is presented.
Under the title of "RMS Values before Observations,' the following data
is output.

Line

1. (x,Y,z2,DX,DY,DZ) RMS values of the knowledge of the Cartesian
states prior to observations at this time

2. RMS values of the knowledge of the orbital elements

3. RMS N, V, W COORDINATES: These coordinates refer to the follow-
ing directions relative to the orbit:

=
(_ x B R X V v RxV )
~l *TRx v|’ |v R x v
Below Line 3, the RMS values of the knowledge of the states in

the N, V, W coordinate system are printed out along with the
normalized covariance matrix.

Below the normalized covariance matrix, the condition of the know-
ledge of the state covariance yatrix, is printed out. The purpose of
this is to warn the operator when the matrix becomes ill-conditioned.
The next printout describes the measurement geometries which are being

used at the time. The tracker station names, moon beacon number, and

1-20
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celestial body names which are being used at the time are printed out.
The key to the printout associated with the measurement geometry is the
following:

RNG = Range

RGR = Range rate

AZM = Azimuth

AZR = Azimuth rate

ELE = Elevation

EIR = Elevation Rate

RA = Right ascension

RAR = Right ascension rate
DEC = Declination

DCR = Declination rate

If any of the above quantities are printed out as zero, it indicates
that the quantity was not computed. Following the tracker geometry data
printout, the RMS knowledge of position and velocity (1950) following

the observations are printed out.

If the run being performed is a guidance run, an additional section
of output is presented which contains guidance data. The quantities
which are printed out are the following.

RMS KNOW OF MISS = Knowledge of the target miss parameters
RMS VEL REQ = Velocity correction required at this time
RMS POS DEV FROM NOM = Position deviation from the nominal

RMS VEL DEV FROM NOM = Velocity deviation from the nominal

If the guidance law being used is fixed time of arrival, the follow-
ing additional information is printed out.

RMS FTA MISS = Fixed time of arrival target miss

1-21
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If the guidance law being used is constant energy WRT the target,
the following data is printed in place of the FTA datum.

RMS TARGET POS MISS = B vector miss parameters
wle ~ - "~
<J(AB « B2+ (2B - R)2>

RMS VINFINITY MISS = Error in hyperbolic excess velocity

The final format of printout is presented in Figure 1-6. This is
the data which is printed out at the completion of a run. The headings

for the quantities in the printout describe what the matrices represent.

1-22
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SECTION 2

INPUT DATA

2.1 DESCRIPTION OF INPUTS

The program is designed to accept two sets of input data cards for
each run to be performed. Runs may be stacked by merely stacking the
sets of input data cards. The two sets of data cards will be distin-
guished from one another by the routines which read the cards. The
first set of cards is for the input subroutine FINP and will be called
FINP cards. The second set of cards is read by GOTOB and will be called
GOTOB cards. The set of GOTOB cards is composed of an arbitrary number
of pairs of cards. The use of the GOTOB and FINP input data in the pro-
gram is shown in a general flow diagram in Figure 2-1.

The input-output tapes which the program uses are set up by sub-
routine SETN (see subroutine writeup). The program is presently set
up to use Tapes 2 and 3. 1If a change in either or both tape numbers is
desired, subroutine SETN should be recompiled with the desired tape
numbers.

2.2 FINP INPUT DATA

The FINP data cards essentially determine the type of data runs
being made, the nominal trajectory, and type of output coordinate system
desired. The quantities which may be inmput through FINP are presented
in Table 2-1. The input order of quantities in the table is not impor-
tant. The quantities which are input through FINP are stored in common
and will be used on successive runs if the runs are stacked. The input
data are not set to zero following the first run. Therefore, if the in-
put data desired for a second run are different from the first, all the
quantities to be changed must be input. This includes placing zeros in
place of quantities which are no longer desired. The three exceptions
to this rule are three quantities associated with guidance runs. The
quantities GUILD, CIOMP and REIR are all set to zero following a rum,

and if the options are desired for the next run they must be input.

2-1
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MAIN MAIN MAIN
START- PROGRAM PROGRAM PROGRAM
NO. | NO. 2 NO. 3
NP soros
canps Goros cARDS

MAIN PROGRAM NO, |

[’—_,__--—__ -
I

I ARE
THERE

1
|
|
starr———of e ve :1::: w:sno: :UN ‘ jl—‘b
|
|
|
|
|
I

CARDS
T0 BE CARDS BEING MADE

READ

e —

DATA ARE READ IN
AT END OF PHASE

r
| READ TWO NO YES
| INPUT CARDS TEST KTOP '
HAS LAST PAIR
| STATION MATSUS OF DATA CARDS I
l cAmD CARD BEEN READ |
| : B f |
l CONVERT DECIMAL SETUP TIMES |
' NUMBERS TO SINARY START CALLING MATSUB aYPASS
SETUP STATIONS AND (TSTR) INTEGRATION . '
I BODIES BEING USED STOP CALLING MATSUS
PACKAGE CONTROL
AND TYPES OF (rsei) LOGIC INTEGRATE '
I MEASUREMENTS INTERVAL OF CALLING MATSUB TRAJECTORY !
BEING MADE (TINT) TO END POINT ‘
| INTERVAL OF OUTPUT DATA
' (TPRIN) |
DATA USED CONTROL INTEGRATION |
' IN MATSUB PACKAGE SO MATSU® l
IS CALLED AT PROPER -
‘ TIMES AND SO NEW TSP |

> CALL
MATSUS

Figure 2-1 Use of FINP and GOTOB Input Data
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2.3 FINP DATA CARD FORMAT

A detailed description of the card format and capabilities of FINP
is presented in the subroutine FINP writeup in the Programmer's Manual.
The data card is divided into four data fields as shown below.

Conversion
Code Location Value Exponent
First Field 1 2-6 7-16 17-18
Second Field 19 20-24 25-34 35-36
Third Field 37 38-42 43-52 53-54
Fourth Field 55 56-60 61-70 71-72

The following information describes the format to be used in placing
the data on the FINP cards.

a. Decimal Points. Decimal points may be placed anywhere in the
value field except that they may not occur in the same column
as minus signs (11 punch). If the decimal point would normally
appear at the right of the number punched in the value field,
then it is optional.

b. Minus Signs. Minus signs are 1l punches over any digit of the
field. If all of the available columns of the field are not

used, minus signs may be punched as the left character of the
field.

c. Values. Values must always be written to the extreme left of a
field. It is not necessary that the entire field be filled as
the first blank denotes the end of value.

d. Location. The location may be specified by either a variable
or array name. If the location is left blank, then the location

counter within the routine is decreased by (1) and the associated

WDL DIVISION
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TABLE 2-1
. FINP INPUT DATA
' Description
FINP of Quantity Description
' S S Common Array Permits overlay of constants in S used
to input measurement variances, etc.
TIM Type of Inputs 1. = Cartesian Equator of 1950
Coordinates 2. = Cartesian Equator of date
: 3. = Cartesian Earth fixed
4.5.6. Corresponds to 1., 2., 3. but
' spherical(l)
CIBDY Central Body 1. = Earth 3. = Sun 5. = Mars
. 2. = Moon 4., = Venus 6. = Jupiter
TIBDY Target Body 1. = Earth 3. = Sun 5. = Mars
' 2. = Moon 4, = Venus 6. = Jupiter
SKTB Type of Stop 1. = Impact, closest approach, time
2. = Closest approach, time
. 3. = Time
TSTOP Stop Time Format (DAYS HOURS . MIN SEc)(6)

. X Initial Position Dimension (3) Cartesian or Sphetical(l)
. vX Initial Velocity Dimension (3) Cartesain or Spherical(l)
DATE Initial Date Format (YR MONTH . DAY)

' FDATE Fractional Date Format (HOUR MIN . Sec _ _)
OUTTP Output Coordinates | 0. = Equator date
. 1. = Equator 1950
2, = Eccliptic of date
. PI Initial Knowledge | Dimension (21)(2)
of State Covar-
iance of Matrix
. PUPIN Type of Input 1. = Launch Pad(2) 3. = pate
Covariance 2. = Injection 4, = 1950
l Matrix (PI) 5. = Use old transformation
Superscripts explained at end of Table.
|
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TABLE 2-1 (Concluded)

FINP INPUT DATA

|
| Description
FINP of Quantity Description
Gum(3) Type of Guidance 0. = No guidance ( 4)'
Desired 1. = Pixed Time of Arrival %)
2. = Constant energy WRT the target
CI()MI’(3 ) Compute Guidance 0. = Guidance matrix is being input
Partial Matrix 1. = Guidance matrix is to be computed
Fm(s) Fixed Time Arrival | Dimension (3,6) Fixed Time of Arrival'
Partial Matrix Guidance partial matrix
cte(S) Constant Energy Dimension (3,6) constant energy WRT
Partial Matrix The target GUID partial matrix
PARI Deviation from Dimension (21)(2)
Nominal Covariance
Matrix
PARIN Type of Input ‘1. = Launch Pad(2) 2, = Injection(z)
3. = Date 4. = 1950
5. = Use old transformation
TGUID Times for Guidance | Dimension (6) Format (DAYS HOURS .,
Corrections MIN SEC)
GID Number of 1. to 6.
Corrections
ReR(3) Retro Maneuver 0. = No retro
1. = Perform retro maneuver

?

;
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SUPERSCRIPTS USED IN TABLE 2-1

(1) sSpherical coordinates require specific order for input quantities
(see subroutine writeup for RVIN).

(2) Input covariance matrices require specific order for input quanti-
ties (see subroutine writeup for CONVPI).

(3) Quantity is set to zero following each run and must be input for
each run if the option is desired.

(4) Requires guidance partial matrix to be computed (CIOMP) or imput
(FTA or CTE).

(5) Matrix must be read in by columns.

(6) Formats for time inputs are written with the number of dashes
indicating places allotted for input. For example,

100 DAYS 3 HOURS 26 MIN 5 SEC
would be written as follows for a format DAYS HOURS ., MIN S

10003.2605
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number is stored in the cell immediately preceding the cell
where the last number was stored. Thus, an entire array may

be read in by specifying the initial location only.

e. Conversion Codes. There are three codes used in FINP in the
program. They are G, Blank and E. G is placed in Column
No. 1 of the first FINP card. The variable or array name in
first location field on the first card is saved and if data
cards follow with blank location fields the corresponding
data is stored consecutively in descending oxder beginning
with the cell specified in the first location field on the
G Card. Columns 7 to 72 are ignored on the G Card and may be

used as a comment card to identify the run.

A blank in the conversion code field indicates that the number
in the value field times the power of ten in the exponent field
is converted to floating point binary. All the FINP data in the
program uses the blank conversion code. The E is placed in the
conversion code field following the last data field being used.
This defines an end-of-case and control is returned to the pro-
gram. The rest of this field and the remaining fields on the

card are ignored.

An example of a set of FINP cards is presented in Figure 2-2.

(83 TesT o rom oo, B —— A e ]
[1o00 Vo358 151,  6.28 ... 8VU1D te o GID . 2e . i NN
[P, .00 — 1.00, . 2.00 . K o Be R ]
[ciompic END DATA L ) T N L P ]

Figure 2-2 FINP Input Data
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The FINP cards for the first run are placed immediately behind the
program data card. If a series of runs are stacked, the second set of
FINP cards is placed behind the GOTOB cards for the first run. The FINP
and GOTOB card sets are alternated with FINP cards being first.

2.4 GOTOB INPUT DATA

The GOTOB data cards are used to control the type of tracking being
used at any point on the trajectory. The cards control and can change
the types of measurements being made and number stations being used or
bodies being observed anywhere along the trajectory. The times to call
MATSUB and the times for output are also controlled by the GOTOB cards.
The GOTOB cards which control the call of MATSUB (see Figure 2-1) must
be filled out carefully so that it will be called at reasonable intervals.

The selection of times to call MATSUB must be made so the vehicle
doesn't pass over a tracking station of interest without the station
making any observations (see Figure 2-3). If tracking station, moon
beacon or onboard measurements are being made, the quality of the obser-
vations are averaged over the interval between MATSUB calls and the
covariance matrix is updated accordingly. The first time the station
observes the vehicle, no updating of the covariance matrix is done. The
second time the vehicle is observed on a given pass, the number of obser-
vations, N, for the time interval is computed. The variances of the
measurements are then divided by N to yield the effect of N measurements
on the knowledge of state covariance matrix. Therefore, MATSUB must be
called regularly enough to provide good averaging over a station pass.
Finally, a guidance correction can only be made after a MATSUB call;
therefore, MATSUB must also be called at times when guidance corrections
are desired.

PHILCO WDL DIVISION
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Figure 2-3 Effect of Interval of Calling MATSUB
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2.5 GOTOB DATA CARD FORMAT

There are a pair of GOTOB data cards which make up the type of run
being made over a specified time interval along the trajectory. The
time interval may be long or short and changed as often as desired.
Each phase of the trajectory is controlled by a pair of GOTOB cards.
The GOTOB card pairs are stacked behind the FINP data cards for the run.

The first card of the pair is a card which is coded to indicate the
tracking stations, celestial bodies and moon beacons being used for the
particular phase. It also indicates the types of measurements being
made during the specified phase of the trajectory. The card is shown in
Figure 2-4,

The first 40 columns are divided into 20 pairs of two columns each.
One pair is allotted to each of the 20 tracking stations. Then there
are four spaces followed by six pairs of two columns each for celestial
bodies used with onboard measurements. The 12 onboard spaces are fol-
lowed by four spaces and then the final 20 spaces are grouped into ten
pairs of two columns for use with the moon beacons. If any of the
tracking stations, on-board measurements or moon beacons are to be used,
a number from 1 to 15 is placed in the appropriate columns to select the
particular station, beacon or body.

If no observations are being made during a particular phase, a
blank card must be used for the first GOTOB card. The selection of the
appropriate number, 1 to 15, to be used in setting up the measurement

. combination is based on the codes shown in Figure 2-4. The decimal

PHILCO

sancower o St Mplor Compamy,

number is converted to binary in the program and used to select the
appropriate type of measurement combination. As an example, if range
and AZEL were to be measured by earth tracker number seven and range
rate, RA, and DEC of moon beacon number two, the first GOTOB card would
be filled out as follows (see Figure 2-5). A "3" would be placed in
column 14 for the earth based tracking and a 14 starting in column 63

for the moon beacon. The columns are selected because they represent

2-10
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-
IREEY
2 3 " s ; | 10
o e DR L P P X I ]
EARTH TRACKING ONBOARD MOON BEACONS
BINARY CODE FOR EARTH TRACKING BINARY CODES FOR MOON BEACONS AND ONBOARD
2* 2? 2' 2° 2 2 2 2
RR DIR Az R RR DEC RA R
cos EL
Figure 2-4 Station GOTOB Data Card
- s = - . - s . ]
Figure 2-5 Example GOTOB Data Card
tracker number seven and moon beacon number two. The numbers 3 and 14
were selected to describe the types of measurements being made. The
numbers 3 and 14 are converted into binary numbers which have the fol-
lowing measurement codes:
Earth Tracker Moon Beacon
DEC Binary DEC Binary
3 0 0 1 1 14 1 1 1 O
AZ R RR DEC RA
EL

The measurement numbers for a station are input in fixed point.
Numbers less than ten are placed in the right column of the station,
beacon, or body pair of columns.

The second GOTOB data card for a phase 1s a card which sets up the
calling sequence for MATSUB. An example of the card is presented in
Figure 2-6.

2-11
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..........................

-

Figure 2-6 MATSUB GOTOB Data Card

A fixed point number 0 or 1 is placed in Column 2. The number is
KTOP which if O indicates there are additional phases going to be used
along the trajectory and additional pairs of GOTOB cards follow the pair
being read. The final pair of a set of GOTOB cards for a given trajec-
tory are so indicated by a 1 being placed in Column 2. The remainder of
the card is divided into four fields of 17 columns. The fields start im
Columns 3, 20, 37 and 54. These fields contain the time to start call-
ing MATSUB, time to stop calling MATSUB, interval of calling MATSUB and
print interval respectively. The numbers are input in floating point
with the following format:

DAYS HOURS , MIN SEC

The GOTOB cards for the first phase of the trajectory phase are
placed immediately behind the FINP cards for the run with the station
card first and the card with MATSUB call times second. If more than
one set of phase cards is used, the second and succeeding sets are
placed immediately behind the first pair of cards. The last MATSUB
calling card of the sequence must have a 1 in Column 2 for KTOP. This
indicates that the data for all the phases of the run have been read
into the program. If runs have stacked, the second set of FINP cards
will follow the GOTOB card which has KTOP (Column 2) set equal to one.

2-12
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SECTION 3

SETUP OF PROGRAM FOR DATA RUN

3.1 ORBIT DETERMINATION

The following is a description of the setup of an error propagation
run for tracking system evaluation on the basis of orbit determination.
The data would be input through FINP as described earlier (see Table 2-1);
TIM, CIBDY, TIBDY, SKTB, TSTOP, X, VX, DATE, FDATE, PI, PUPIN, and OUTTP.
These quantities are sufficient to setup the initial knowledge of state
covariance matrix and nominal trajectory. The only additional data re-
quired to perform the error propagation run is the data (variances) on
the measurements which are to be used. These quantities are stored in
the S array. Many of these quantities are placed in the $§ array through
the main program calling subroutine CONSTI. If any desired quantities
in S are missing (see listing of subroutine CONSTI) or ii a different
number is desired, they are read in through FINP by using location S.
This option allows any of the quantities in the S array to be input or

to overlay any numbers which are there.

Subroutine CONSTI has a number of constants compiled in it which
should be checked when a run is made. The following stations are

presently in CONSTI and have error data associated with them.

Station Number Station

Antigua Radar
Ascension Radar
Millstone Hill Radar
Mobile

AMR Tracker

Bermuda

Goldstone Receiver
Goldstone Transmitter
GBI Radar

W 0 N O W N =
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Station Number

10
11
12
13
14
15
16
17
18
19

WDL-TR2185

Station

Johannesburg
Hawaii

Jodrell Bank
Puerto Rico Radar
San Salvador
Woomera

JPL Cape Canaveral
Majunga

Carnarvon

Rosman

In order to establish the location of the variances for the various

measurement errors in the S array, a list is presented in Table 3-1 which

describes the location of these quantities.

If the knowledge of state covariance matrix is being input in launch

pad tangent plane the following quantities must be placed im S.

S(80) = LAUNCH PAD IATITUDE
S(81) = 1AUNCH PAD LONGITUDE
S(82) = LAUNCH PAD ALTITUDE
S(83) =

S(84) = FIRING AZIMUTH

DEG
DEG
KM

TIME FROM LAUNCH TO INJECTION DAYS HRS . MIN SEC

DEG

After the stations to be used and the kinds of measurements to be

made have been selected, the appropriate errors are placed in the S array

through FINP. The GOTOB input cards are then set up to: 1) select these

stations and measurements, and 2) call MATSUB at reasonable time intervals.

An example test case for this type of run is carried through and the re-

sults presented at the end of this document.
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TABLE 3-1

EARTH BASED TRACKING DATA

N =0, 19 where N + 1 is the Tracking Station Number

S(125) + N * 15 Variance of Range 0
S(126) + N * 15 Variance of Azimuth RAD?
S(127) + N * 15 Variance of Elevation RAD2
S(128) + N * 15 Variance of Range Rate (xn/snc)z
S(129) + N * 15 Variance of Latitude RAD2
S(130) + N * 15 Variance of Longitude RAD2
S(131) + N * 15 Variance of Altitude RHZ
S(132) + N * 15 Variance of Azimuth Bias RAD2
S(133) + N * 15 Variance of Elevation Bias RAI)2
S(134) + N * 15 Latitude of Station DEG
S(135) + N * 15 Longitude of Station DEG
S(136) + N * 15 Altitude of Station KM
S(137) + N * 15 Station Name
S(138) + N * 15 Period of Observation SEC
S(139) + N * 15 Variance of Time Bias sec?
LAST CELL S(424)
S(788) + N * 5 Station Artificial Horizon Height RAD
S(789) + N * 5 Variance of (M) Direction Cosine
S(790) + N * 5 Variance of (M) Direction Cosine Bias
S(791) + N * 5 Variance of (L) Direction Cosine
S(792) + N* 5 Variance of (L) Direction Cosine Bias
IAST CELL S(887)
3-3
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$(426)
S(427)
$(428)
S$(429)
$(430)
S(431)
$(432)
S(433)
S(434)
S(435)
S(436)

N=0,5

S(437) + N * 4
S(438) + N * 4
S(439) + N* 4
S(440) + N * 4
LAST CELL S(456)

TABLE 3-1 (Continued)

ONBOARD TRACKING DATA

Variance
Variance
Variance
Variance
Variance
Variance
Variance
Variance
Variance
Spare

Spare

Earth, Moon, Sun, Venus, Mars, Jupiter

of Range

of Right Ascension

of Declination

of Range Rate

of Range Bias

of Right Ascension Bias
of Declination Bias

of Range Rate Bias

of Clock Time Bias

Period of Range Observation

Period of Right Ascension Observation
Period of Declination Observation
Period of Range Rate Observation

3-4
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SEC
SEC
SEC
SEC
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TABLE 3-1 (Concluded)
LUNAR BASED BEACONS TRACKING DATA
N =0, 9 where N + 1 is Lunar Beacon Number
S(500) + N * 15 Variance of Range RHZ
S(501) + N * 15 Variance of Right Ascension RAD2
S(502) + N * 15 Variance of Declination RAD2
S(503) + N * 15 Variance of Range Rate (IQ&/SI.‘.‘C)2
S(504) + N * 15 Variance of Range Bias RAD2
S(506) + N * 15 Variance of Declination Bias RAD2
S(507) + N * 15 Variance of Range Rate Bias (lC!l/t"oEC)2
$(508) + N * 15 Variance of Clock Bias sec?
S(509) + N * 15 Latitude of Station DEG
S(510) + N * 15 Longitude of Station DEG
S(511) + N * 15 Altitude of Station KM
S(512) + N * 15 Station Name
S(513) + N * 15 Period of Observation SEC
S(514) + N * 15 Spare
1AST CELL S(649)
S(758) + N * 3 Variance of Latitude RAD2
S(759) + N * 3 Variance of Longitude RAD2
S(760) + N * 3 Variance of Altitude m2
LAST CELL S(787)
3-5
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3.2 GUIDANCE RUN

The following is a description of the setup of an error propagation
run for guidance analysis. There are two types of guidance laws which
may be used in the program. The number which is input for GUID in FINP
selects either Fixed Time of Arrival or Constant Energy with Respect to
the Target. In order to perform a reasonable guidance run, it must be
done in conjunction with some type of observations to determine the state
of the vehicle. Therefore, the first part of the guidance run setup is
the same as the run previously described for evaluation of a tracking
system. In addition to the setup of a tracking system, the following
guidance data must be read in through FINP (see Table 2-1); GUID, CIOMP,
TGUID, GID, PARI, and PARIN. If the initial deviations from nominal co-
variance matrix is input in launch pad coordinates, the cells S(80) to
S(84) must be input as described in the previous section.

There are two additional options which can alter the above inputs.
If CIOMP is set positive, the CTE (Constant Energy) and FTA (Fixed Time
of Arrival) guidance partial matrices are computed. If these matrices
are availabie, they may be read in through FINP and CIOMP may be neglec-
ted and the matrices will not be computed. RETR may also be set one and
then the program will assume the vehicle is at perigee at the point of
stopping and carry the knowledge of state and deviation from nominal co-

variance matrices through a RETRO maneuver into circular orbit.

If the GUID, CIOMP, and RETR options are desired on each of succes-
sive stacked runs, they must be input for each run since they are set

zero following each run.

Guidance error quantities which must be input in the S array are
the following:

S(471) = Rocket Motor Shutoff Error (‘Z)2
S(472) = Rocket Motor Pointing Error (RAD)2
S(484) = Error in Monitoring Guidance Correction (Z)2

3-6
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The quantity in S(484) is used in updating the knowledge of state
covariance matrix for the lack of knowledge in the guidance correction.
The use is shown below

0 0

P, = P_ + S(484)
A B 0 E(qqD)

Where E(qqt) is the covariance matrix of the error in the guidance
correction.

The above setup will provide guidance corrections at times specified
by TGUID. There is an additional option which may be exercised by placing
a one in S(475). The program will then make guidance corrections at times
when the following test is satisfied.

RMS Knowledge of Miss - <
RMS Miss COoRR = O

The quantity called CORR is stored in S(483) and when this type of
guidance is selected, must be input through FINP. It must be remembered
that the subroutine which performs the guidance function (GUID) along
the trajectory is called by MATSUB. The GOTOB cards must, therefore, be
set up to call MATSUB when guidance corrections are desired.
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SECTION 4

EXAMPLE TEST CASE

4.1 INTRODUCTION

In order to determine an adequate navigation system for a space
mission, a large number of parametric studies are required. A few of
the possible parametric studies have been performed here for a lunar
mission. The purpose of these runs is not to perform a detailed guid-
ance analysis for the mission but to demonstrate some of the capabili-
ties of the error propagation program. The test case results will
answer a few of the many questions which one could ask concerning the
guidance system (including orbit determination) for such a lunar mis-
sion. The covariance matrix which was used for the initial knowledge
of state and deviations from the nominal was an arbitrary selection.
The coordinates are injection tangent plane with the following order:

-h -

A
|§ : :[ x ,:‘; ': : :|; I§|; and corresponding velocities.

- —
30. 0 -20. -.025 0 -.029
64 0 0 3.00100 o
15.  .019 0 .023
PARL = PI = 2.5:10°  © 3.3-107°
1.8.100° 0
4.6107°
_ _

4.2 NOMINAL TRAJECTORY
The mission requirements which were considered in obtaining the
initial conditions for the nominal trajectory from a patch conic pro-

gram were the following:

a. 72-hour flight time

b. Equatorial lunar orbit

c. Lunar orbit -altitude of 100 nautical miles

d. Earth parking orbit altitude of 100 nautical miles.

4-1
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The nominal trajectory, which was selected from refined patch conic
conditions for use in the test case, had the following characteristics:

Geocentric Characteristics of Transfer Ellipse at Injection

Date and time of injection in earth-moon 2 January 1965
coast ellipse 5h1m25.338
Inertial velocity at injection 10.89 KM/SEC
Latitude of injection . 10.89 degrees
longitude of injection 326.39 degrees
Flight path angle .0929 degrees
Altitude at injection 272.17 M
Time from injection to perilune 71h21m35s
Semi-major axis 318,403 KM
Eccentricity .97911
Inclination 28.18 degrees

Lunar Arrival Conditions (Selenographic Coordinates)

Date and time at perilune 5 January 1965
4823%.3215
Inclination of trajectory plane 179.47 degrees
Line of nodes 224.40 degrees
Altitude of perilune 183.82 KM
Velocity of perilune 2.421 RM/SEC
Latitude of perilune .359 degrees

longitude of perilune

Argument of perilune

181.93 degrees
42.47 degrees

This nominal trajectory has the feature that perilune is occulted
from the earth by the moon. It is not possible, therefore, to observe a
retro maneuver at perilune. (This effect is printed out in the program
as part of the station geometry.) The trajectory is presented in Figures
4-1 through 4-4 in Cartesian equator of data coordinates.
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4.3 SETUP OF INPUT DATA

The setup of the FINP cards and GOTOB cards will be described in
detail for one of the test case runs. Assume we desire to make a guid-
ande run with two corrections using a FTA (Fixed Time of Arrival) guid-
ance law and the DSIF tracking net.

The FINP cards would look like those presented in Figure 4~5. The
format of the input has been described in Section 2.3. The information

which is on each card will be described here to indicate its ﬁeaning.

Card 1

Card 2

Card 3

Card &4

The G indicates a temporary storage location for the "s"
array. Beyond Column 6, the card can be used for a comment

card.

The numbers in the location fields are cells of the "s"
array identified on the first card. The locations repre-
sent station data which are being input. The remainder of
the desired station data is already in CONSTI and doesn't

need to be read in.

The first two values are more numbers in the 'S" array.
The third location on the card has a variable name in it
which is the injection date. This also stops the "S"
array input. The value represents the following date:
January 2, 1965. The final location on the card is the

fractional date. The value represents 5h1m25.338.

This card contains four variables which represent: 1) type
of stop, time only; 2) type of input coordinates, Cartesian
equator of date; 3) central body, earth; and 4) target body,

moon.
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Card 6
Card 7
Card 8
Card 9
Card 10
Card 11
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This card contains four variables which represent: 1)
type of PI matrix coordinates, injection tangent plane;

2) type of PARI matrix coordinates, injection tangent
plane; 3) time to stop rum, 2 days, 23 hours, 21 minutes
and 35 seconds; 4) type of guidance, Fixed Time of Arrival.

This card contains three variables and the start of an
array. The variables express the following: 1) guidance
matrices are to be computed; 2) there are to be two guid-
ance corrections; 3) perform a retro-maneuver at the end
time. The final location on the card is PARI which starts
the input of the deviation from nominal covariance matrix.

The value represents the first cell of the array.

This card contains the 7, 12, 16 and 19 elements of the
PARI array.

This card contains the 21 element of the PARI array.
Location 2 on the card starts the input of the PI array
which is the knowledge of state covariance matrix. The

1, 7, and 12 elements are on the card.

This card contains the 16, 19 and 21 elements of the PI
array. The final location is the start of the injection

position vector. The value contains the x coordinate.

The first two locations contain the y and z coordinates
of the injection position. The third location starts the
injection velocity coordinates. The value in the third
value field is the x velocit&. The last field contains
the y velocity.

The first field contains the z velocity component. The
second location is the start of the array for guidance
correction times. The second and third fields contain
the following times for correction: 12 hours and 2 days,

12 hours respectively.

4-9
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The second set of input cards which must be set up are the GOTOB
cards. The DSIF stations which will be used are: Goldstone, Johannes-
burg and Woomera. The types of measurements being made by each are:
range rate, azimuth and elevation. The stations being used have much
of the desired station error data compiled in CONSTI. Therefore, the
stations are assigned the station numbers which correspond to the loca-
tion of errors in CONSTI. These numbers are: No. 7, Goldstone; No. 10,
Johannesburg; and No. 15, Woomera. The number code which represents the

desired measurement combination is obtained as follows:

DIR AZ
RR Cos EL RANGE
23 22 21 20

RR, AZ, and EL= 8 + 2 = 10

The above data is used on the first card of the pair of GOTOB cards.

The card is shown in Figure 4-6.

.....................................

PHILCO
oo e e it Cmpam

Figure 4-6 Station GOTOB Data Card
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The second GOTOB card is to set up the MATSUB calling sequence.
The trajectory will be divided into the following six phases.

1. Start Time = 0; Stop Time = 2 hours. Call MATSUB and print out

every 10 minutes to obtain good averaging over a station.

2. Start Time = 2 hours; Stop Time = 15 hours. Call MATSUB and
print out every 20 minutes to obtain good averaging. This is
possible since station geometry is changing more slowly. The
call sequence also ensures the guidance correction can be made

at 12 hours.

3. Start Time = 15 hours; Stop Time = 2 days, 10 hours. Call
MATSUB and print out every 30 minutes, vehicle is well out in
midcourse flight.

4. Start Time = 2 days, 10 hours; Stop Time = 2 days, 15 hours.
Call MATSUB and print out every 20 minutes, ensures calling
MATSUB for guidance correction at 2 days, 12 hours and data

smoothing following correction.

5. Start Time = 2 days, 15 hours; Stop Time = 2 days, 20 hours.
Call MATSUB and print cut every 30 minutes, vehicle is well

out along trajectory.

6. Start Time = 2 days, 20 hours; Stop Time = 2 days, 24 hours.
Call MATSUB and print out every 10 minutes, vehicle is coming

into target and errors are changing rapidly.

The complete set of GOTOB data cards for the above described run
is presented below in Figure 4-7. These cards are placed immediately
behind the FINP cards shown in Figure 4-5 for this data run. The com-
bined set of data will then perform the desired guidance run to the

moon.

4-11
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The setup procedure described above was used to obtain the data to

be presented for the test case.

4.4 ORBIT DETERMINATION

The test case nominal trajectory was run using four different track-
ing and observation systems. The four systems are described in Table 4-1.
'The DSIF tracking system consisted of the following stations measuring
range rate, azimuth and elevation: Goldstone, Woomera and Johannesburg.
The system, which was TESTNET, consisted of the following stations
measuring rangé, range rate, azimuth and elevation: Rosman, Carnarvon
and Majunga. The onboard systems are described in the Table. The results
of the orbit determination of the four systems, DSIF, TESTNET, Onboard,
and DSIF with Onboard are presented in Figures 4-8, 4-9 and 4-10. 1In
order to demonstrate the ability to change the tracking system parameters,
the DSIF tracking station location errors were removed and a second run
made to illustrate the improvement possible by removing station location
errors. The effect of this parameter change can be seen by comparing
curves (1) and (2) in the figures.

In a similar fashion, it is possible to change any or all of the
parameters presented in Table 4-1 and note the effect on the ability of
a system to determine an orbit. The system may also be composed of more
than one type of measuring device. This was illustrated by adding on-
board angle measurements to the DSIF. The result of combining these
measurements can be seen by comparing curves (1) and (3) in Figures 4-8,
4-9 and 4-10.

The data which generated the peculiar variations on the curves in

Figures 4-8 and 4-10 were examined to determine the origin of the varia-

tions. An explanation of these variations is presented below.

4-13
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Figure 4-10 RMS Knowledge of Velocity
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Range

Range Rate
Azimuth/Elevation
Horizon
Observation Period
Latitude Error
Longitude Error
Altitude Error

Right Ascension
Declination
Range Rate
Right Ascension
Declination
Range Rate
Latitude Error
Longitude Error
Altitude Error

Right Ascension
Declination

TABLE 4-1

TRACKING SYSTEM USED IN STUDY

TESTNET
Standard Deviation

200 meters

2 m/sec

20 mills

5 degrees
20 seconds
63 meters
63 meters

10 meters

ONBOARD SYSTEM

Bodx(l) Standard Deviation
(E,M,S) .17 mills
(E,M,S) .17 mills

(E) 2 m/sec

(MB) 200 mills

(MB) 200 mills

(MB) 2 m/sec

(MB) 1 KM

(MB) 1 KM

(MB) 1 KM

DSIF ONBOARD SYSTEM

(E,M,S) .017 mills
(E,M,S) .017 mills

5
60
63
63

3

WDL-TR2185

DSIF

Standard Deviation

.2 m/sec

.2 mills
degrees
seconds
meters
meters

meters

Period of
Observation
600 seconds
600 seconds

60 seconds

60 seconds

60 seconds

60 seconds

600 seconds

600 seconds

(1) (E,M,S) = Earth, Moon, Sun; (MB) = Moon Beacon; (E) = Earth
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a. Curve (1) and (2). On curves (1) and (2) for the DSIF at
approximately six hours, the Johannesburg tracker was in the

orbital plane (elevation 88.6 degrees) and was able to reduce
the position and velocity errors in the in-plane coordinate,
v x (ﬁ x 6). The errors in this coordinate, at the time, were
the largest in the knowledge of the state covariance matrix.

b. Curve (3). The improvement in the knowledge of state at two
hours is due to the addition of the onboard measurements to
the DSIF at that time.

c. Curve (4). The periodic variations which occur in this run
are the result of the number of stations which are observing
the vehicle. Two stations would increase the knowledge of
state and as soon as the number of stations observing was re-
~duced to one, the knowledge of state would slowly degrade until

two stations could observe it again.

d. Curve (5). The sharp increase in the knowledge of state at
approximately 15 hours is due to the addition of moon beacon
observations to the onboard system at that time.

4.5 MIDCOURSE GUIDANCE

The midcourse guidance for the test case was performed with two
corrections; 12 hours after injection and 60 hours. The times for
correction could be optimized in terms of payload, but were not varied
for this presentation. The guidance run was made using the DSIF as
the tracking network. A run was also made using the tracking system
made up of the DSIF and onboard measurements to illustrate the effect
of the tracking system on the guidance capability. Two different guid-
ance laws were also used to illustrate the effect of requiring Fixed
Time of Arrival as opposed to a guidance law where time is left free to
vary. The time constraint was replaced by a constraint on the hyper-

bolic excess velocity and the position deviation was defined in terms
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- . - A
of 5(B-T) and 6(B-R)(see subroutine BVEC). The guidance law using
these constraints is called CTE, Constant Energy with Respect to the

Target. The results of these guidance runs are presented in Table 4-2.

The effect of the guidance corrections on the orbit determination
accuracy is shown in Figure 4-11. The graph presents a comparison of
the DSIF tracking accuracy for runs with and without guidance correc-
tions. The error in monitoring the correction of the guidance run was
three percent of the RMS error in making the correction. Figure 4-12
presents position and velocity deviations from the nominal for the FTA
guidance law using the DSIF tracking. It also presents the RMS re-

quired velocity correction as a function of time.

One final option which was used is that of a retro-maneuver into
circular orbit at perilune. The knowledge of position and velocity are
shown in Figure 4-13 for the DSIF tracking and FTA guidance law through
the retro~maneuver and into circular orbit. The retro-maneuver cannot

be observed with earth-based tracking.

4.6 SUMMARY

The results presented in this section represent data for one or
two system parameters. In a detailed guidance analysis for a specified
mission, the effect of a great many of the various system parameters
must be studied to define an optimum system. The error propagation pro-
gram offers the facility to the user of making these parametric studies
on any of the error quantities which have been used in the sample runms.
In addition, a large number of possible system configurations for track-
ing and guidance, compatible with the complexity of the mission, may be
evaluated rapidly.
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TABLE 4-2

GUIDANCE DATA

Guidance Correction RMS Error Data

Pointing Error .5°  Shutoff Error 1% Error in Monitoring Correction 3%

Tracking System DSIF

RMS Velocity Correction RMS Position Deviation RMS V Infinity Dev.
at Perilune at Perilune

Guidance Law CTE

PHILCO
ssssar o it fptrr Commpony,

Injection 5410 KM 66.8 m/sec
1st Cor. 46 m/sec 126 KM .673 m/sec
2nd Cor. 2.72 m/sec 2.12 kM .0266 m/sec

Tracking System DSIF

RMS Velocity Correction

Guidance Law FTA

RMS Position Deviation
at Perilune

Injection 20095 KM
1st Cor. 51.228209 m/sec 249.6696 KM
2nd Cor. 4.619412 m/sec 6.4621 KM

Tracking System DSIF and Onboard

RMS Velocity Correction

Guidance lLaw FTA

RMS Position Deviation
at Perilune

Injection 20095 KM
lst Cor. 51.228213 m/sec 249.5679 RM
2nd Cor. 4.618891 m/sec 4.3528 KM
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